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Film Cooling From a Single Row 
of Holes Oriented in Spanwise/ 
Normal Planes 
Experimental results are presented that describe the development and structure of 
flow downstream of a single row of film-cooling holes inclined at 30 deg from the 
test surface in spanwise/normal planes. With this configuration, holes are spaced 6d 
apart in the spanwise direction in a single row. Results are presented for a ratio of 
injectant density to free-stream density near 1.0, and injection blowing ratios from 
0.5 to 1.5. Compared to results measured, downstream of simple angle (streamwise) 
oriented holes, spanwise-averaged adiabatic effectiveness values are significantly 
higher for the same spanwise hole spacing, normalized streamwise location x/d, and 
blowing ratio m when m = 1.0 and 1.5 for x/d < 80. The injectant from the spanwise/ 
normal holes is also less likely to lift off of the test surface than injectant from 
simple angle holes. This is because lateral components of momentum keep higher 
concentrations of injectant in closer proximity to the surface. As a result, local 
adiabatic effectiveness values show significantly greater spanwise variations and 
higher local maxima at locations immediately downstream of the holes. Spanwise-
averaged iso-energetic Stanton number ratios range between 1.07 and 1.26, which 
are significantly higher than values measured downstream of two other injection 
configurations (one of which is simple angle, streamwise holes) when compared at 
the same x/d and blowing ratio. 
Introduction 
The present study is conducted as part of a larger comprehen-
sive experimental test program (Ligrani et al., 1994a, b; Ligrani 
and Ramsey, 1997) to investigate the effects of different hole 
angle arrangements on film cooling performance. The influences 
of injection hole geometry are important since changes have 
direct effects on the most important factors that affect the pro-
tection provided by a cooling film. These are: ( 0 the locations 
of the film, particularly distributions of injectant concentrations 
in the boundary layer and coverage over the surface, and (ii) 
the ability to absorb and store thermal energy as indicated by 
temperature and/or enthalpy relative to the surface and sur-
rounding hot gas. 
Here, we focus on laterally injected film cooling from a single 
row of holes placed in spanwise I normal planes. A large span-
wise hole spacing of 6d is employed, an arrangement important 
from several perspectives. First, the data obtained downstream 
of these holes provide important test cases for the development 
of prediction codes. Second, film cooling holes with 6c? spacing 
allow understanding of film cooling phenomena, which are not 
apparent from configurations with more closely spaced holes. 
The relatively large hole spacing reduces coalescence and inter-
actions between injectant fluid from adjacent holes, particularly 
at small x/d. Consequently, trajectories and diffusion of in-
jectant from individual holes can be observed that provide in-
sight into the behavior of injectant from individual holes. 
Other investigations of film cooling from holes with com-
pound angle orientations are described by Mayle and Camarata 
(1975), Gauntner (1977), Kim et al. (1978), Mehendale and 
Han (1992), Sen et al. (1996), and Schmidt et al. (1996). 
Of these, the last two are of particular interest to the present 
investigation because results are presented for the same 6d 
spanwise hole spacing. Sen et al. (1996) and Schmidt et al. 
(1996) compare adiabatic effectiveness and iso-energetic heat 
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transfer coefficient ratio from three different hole arrangements, 
one simple angle, one compound angle, and one compound 
angle with diffusing expanded exit. 
Work conducted with lateral injection from holes in span-
wise/normal planes is described by Goldstein et al. (1970), 
Honami and Fukagawa (1987), Sathyamurthy and Patankar 
(1990), and Honami et al. (1994). Compared to streamwise 
injection from simple angle holes, measurements from 
Goldstein et al. (1970) indicate that lateral injection produces 
more effective cooling because the film is located closer to 
the wall. Honami and Fukagawa (1987) describe temperature 
profiles, velocity profiles, and turbulence intensity profiles pro-
duced by streamwise and lateral injection over flat and concave 
curved surfaces. Sathyamurthy and Patankar (1990) predict lat-
eral film cooling from single rows of holes spaced 3d, Ad, and 
5d apart. According to these investigators, laterally injected 
films show almost no change in tendency to lift-off as blowing 
changes from 0.1 to 1.0. Honami et al. (1994) present surface 
temperature distributions, and surveys of time-averaged velocity 
and temperature over flow cross sections downstream of a row 
of lateral holes with 5d spanwise spacing. A large-scale asym-
metric vortex is described on one side of the film distribution, 
which becomes more asymmetric as the blowing ratio increases. 
The present study provides a more comprehensive look at 
lateral injection. This is accomplished by comparing results 
from the lateral configuration to data from a different compound 
angle arrangement and to data from a simple angle (or stream-
wise hole) arrangement. These comparisons are made as span-
wise hole spacing, normalized streamwise location, and blowing 
ratio are held constant. In addition, adiabatic film effectiveness 
variations are related to surveys over flow cross sections of 
mean streamwise velocity and injectant distributions. 
Experimental Apparatus and Procedures 
Wind Tunnel and Coordinate System. The open-circuit, 
subsonic wind tunnel is the same one used in the experiments 
of Ligrani et al. (1994a, b) and Ligrani and Ramsey (1997). 
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For the present investigation, the free-stream velocity is constant 
at 10 m/s and the free-stream turbulence intensity is approxi-
mately 0.13 percent based on the same velocity. The boundary 
layer is tripped using a 2-mm-high spanwise uniform strip of 
tape near the nozzle exit 1.072 m upstream of the constant heat 
flux transfer surface. 
With the present coordinate system, Z is the spanwise coordi-
nate measured from the test section spanwise centerline, X is 
measured from the upstream edge of the boundary layer trip, 
and Y is measured normal to the test surface, x is measured 
from the downstream edge of the injection holes and generally 
presented as xld, as shown in Fig. 1. The total boundary layer 
thickness just downstream of the injection holes {xld = 2.75) 
is 0.973 cm giving a thickness to hole diameter ratio of 1.05 
(measured with no film cooling). The ratios of momentum 
thickness to hole diameter and displacement thickness to hole 
diameter at this location are then 0.140 and 0.230, respectively. 
At the upstream edges of the injection holes, these three parame-
ters are estimated to be 1.02, 0.136, and 0.224, respectively. 
Injection System. The injection system is described by Ram-
sey (1992) and by Ligrani et al. (1994a). The system provides 
the capability to produce heated injectant at blowing ratios from 0.5 
to 4.0. With this system and test plate heating, the nondimensional' 
injection temperature parameter @ is maintained at values ranging 
from 0.0 to 3.0, which includes values within the range of gas 
turbine component operation. The ratio of injectant to free-stream 
density pcl'p«, is from 0.94 to 1.00. Each injection tube is about 
7.6 cm long, giving a length-to-diameter ratio of about 8. The data 
produced with these film cooling, boundary layer, and free-stream 
flow characteristics are valuable because they provide a base set 
for CFD code calibration. 
Stanton Number Measurements. The heat transfer sur-
face is also described by Ramsey (1992) and by Ligrani et al. 
(1994a). It provides a constant heat flux over its area. Surface 
temperatures are measured using 126 thermocouples after their 
outputs are corrected for contact resistance and conduction 
through a sheet of foil located next to the air stream. An Elec-
trofilm Corp. etched foil heater rated at 120 volts and 1500 
watts powers the test surface. With this arrangement, an un-
heated starting length exists when the heat transfer surface is 
at elevated temperature, and the direction of heat transfer is from 
the wall to the gas. To determine the heat loss by conduction, an 
energy balance is performed. Radiation losses from the top of 
the test surface are analytically estimated. Corrections to ac-
count for streamwise and spanwise conduction along the test 
surface are employed using procedures developed and described 
by Wigle (1991). Rows of thermocouples are located xld of 
6.81, 17.62, 33.83, 55.46, 77.08, and 98.70. Corresponding X 
are 1.22m, 1.222m, 1.372m, 1.572m, 1.772m, and 1.972m, 
respectively. 
12 mm x/d 
HEAT FLUX SURFACE 
<S> £T> Cp— 
1 2 l _ m m l X / d |HEAT FLUX SURFACE 
Fig. 1 Test surface geometry for: (a) configuration 4 (spanwise/normal 
plane) holes, (b) configuration 3 (compound angle) holes, and (c) con-
figuration 2 (simple angle) holes 
Mean Temperature Measurements. Copper-constantan 
thermocouples are used to measure temperatures along the sur-
face of the test plate, the free-stream temperature, as well as 
temperature distributions correlated to injection distributions. 
For the distributions, a thermocouple is traversed over 10.2 cm 
by 20.3 cm spanwise/normal planes using the automated two-
dimensional traversing system, which may be placed at different 





injection hole diameter 
heat transfer coefficient with no 
film injection 
iso-energetic heat transfer coeffi-
cient with film injection for TIV. = 
m = blowing ratio = pcUcl pJJ„ 
St0 = baseline Stanton number, no film 
injection = h0/p„U<*Cp 
St/ = iso-energetic Stanton number with 
film injection = hflp<JJ«,C,, 
T = temperature 
U = mean (time-averaged) streamwise 
velocity 
X, x = streamwise distance 
Y = distance normal to the surface 
Z = spanwise distance from test sur-
face centerline 
a = injection hole angle of orientation 
r\ = adiabatic film cooling effective-
ness = (Taw - Tr^)/(T,,C - 7/,,„) 
8 = injection hole angle of inclination 
0 = nondimensional injection temper-
ature parameter = (Trf - Tr,^)l 
(Tw - 7/„„) 
p = density 
Subscripts 
aw = adiabatic wall 
c = injectant at exits of injection holes 
o = stagnation condition or baseline data 
,. = recovery condition 
„ = free-stream 
Superscripts 
= spanwise average 
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streamwise locations. For each survey, 800 probe locations 
spaced 0.51 cm apart in each direction are employed at locations 
as close as 2.0 mm from the test surface. The contours in Figs. 
3, 5, and 6 produced by these surveys are more closely spaced 
than 0.51 cm because the DeltaGraph plotting routine employed 
places user-specified contour lines at interpolated locations be-
tween data points. 
The recovery coolant temperature Trc is given for the exit 
planes of the film holes. This is accomplished by measuring the 
plenum total temperature and ambient temperature. Tv is then 
deduced using a correlation that accounts for these temperatures 
and the blowing ratio. The correlation was developed from cali-
bration tests conducted using thermocouple probes placed to 
simultaneously measure: ( 0 the coolant temperature at the cen-
terline of the exit plane of a single hole, (ii) the ambient temper-
ature, and (Hi) the plenum total temperature (Ramsey, 1992). 
Voltages from thermocouples are digitally sampled and read 
using a Hewlett-Packard 3497 A Data Acquisition Control Unit 
with a 3498A Extender. These units are controlled by a Hewlett-
Packard Series 9000 Model 310 computer. 
Adiabatic Film Cooling Effectiveness and Iso-energetic 
Stanton Number Ratio Measurements. Adiabatic film cool-
ing effectiveness values and iso-energetic Stanton number ratios 
are determined using linear superposition theory applied to 
Stanton number ratios measured at different injection tempera-
tures. Additional details of this approach are described by Li-
grani et al. (1994a), including a test to check the procedure 
using a direct 7? measurement with a near-adiabatic condition 
on the test plate. 77 differences from the two techniques were 
always less than experimental uncertainties, ranging from 7 to 
15 percent (Ligrani et al., 1994a). 
Baseline Data Checks. Repeated measurements of span-
wise-averaged Stanton numbers show good agreement (maxi-
mum deviation is 4 percent) with the appropriate correlation 
for turbulent heat transfer to a flat plate with unheated starting 
length and constant heat flux boundary condition. Ramsey 
(1992) provides additional details. 
Experimental Uncertainties. Uncertainty estimates are 
based upon 95 percent confidence levels, and determined fol-
lowing procedures described by Kline and McClintock (1953) 
and Moffat (1982). Typical nominal values of free-stream re-
covery temperature and wall temperature are 18.0CC and 40.0°C, 
with respective uncertainties of 0.13°C and 0.21°C. The free-
stream density, free-stream velocity, and specific heat uncertain-
ties are, respectively, 0.009 kg/m3 (1.23 kg/m3), 0.15 m/s 
(10.0 m/s), and 1 J/kgK (1006 J/kgK), where typical nominal 
values are given in parentheses. For convective heat transfer, 
heat transfer coefficient, and heat transfer area, 10.5 W (270 
W), 1.03 W/m2 K (24.2 W/m2K), and 0.0065 m2 (0.558 m2) 
are typical uncertainties. The uncertainties of St, St/St0, m, and 
xld are 0.000086 (0.00196), 0.058 (1.05), 0.025 (0.50), and 
0.36 (41.9). Uncertainties of 77 and St//St0 are dependent upon 
the linear superposition technique employed. The uncertainty 
of St/Sto is the same as for St/St0. For Sty/Sto = 1.10, the 
uncertainty of this parameter amounts to 5.5 percent. The uncer-
tainty of TJ varies between 0.02 and 0.04 effectiveness units 
where higher values in this range apply when 77 is less than 
about 0.15. At 77 .= 0.30, this uncertainty corresponds to 6.7 
percent of the best estimate of 77. 
Injection Configurations 
A total of four different film hole configurations are investi-
gated in the overall test program (cf. Ligrani et al , 1994a, b) . 
The experiments are designed so that all experimental parame-
ters are maintained constant as the configurations are tested so 
that differences due to injection hole orientation are directly 
apparent. In the portion of the program reported in this paper, 
772 /Vo l . 119, OCTOBER 1997 
comparisons are made between the spanwise/normal plane 
holes (configuration 4) and streamwise/normal plane holes 
(simple angle configuration 2). Comparisons are also made 
between the spanwise/normal holes and another compound 
angle hole arrangement (configuration 3). In all cases, a single 
row of holes is used and spanwise hole spacing is maintained 
constant at 6d. Thus, the present series of tests are designed to 
compare the performances of three injection hole configura-
tions, and to determine which orientation produces the highest 
effectiveness values. 
Figure 1(a) shows a schematic of the film hole geometry for 
the spanwise/normal plane holes denoted configuration 4. Here, 
the hole arrangement along the test surface (X~Z plane) is seen 
in the negative Y direction. Holes are placed in a single row so 
that the centerline of the middle hole is located on the spanwise 
centerline (Z = 0.0 cm) of the test surface. Nominal hole diame-
ter d is 0.925 cm. Geometries for configurations 3 and 2 are 
shown in Figs. 1(b) and 1(c), respectively. Nominal hole diam-
eters for these two configurations are 0.945 cm and 0.925 cm, 
respectively. The reader is referred to Ligrani et al. (1994a, b) 
for additional data and discussion of the film cooling down-
stream of configurations 2 and 3. 
The orientations of holes for configuration 4 as well as for 
configurations 2 and 3 (with which results are compared) are 
described in terms of the angle of orientation a and the angle 
of inclination 9. a is the angle between the X-Y (streamwise-
normal ) plane and the plane made by the hole axis and Y coordi-
nate. The angle of inclination 9 is the angle between the hole 
axis and the test surface or X-Z (streamwise-spanwise) plane. 
For configuration 4 holes, a = 90 deg, 9 = 30 deg. For configu-
ration 3 holes, a = 50.5 deg, 9 = 24 deg. For configuration 2 
holes, a = 0 deg, 9 = 35 deg. 
Local Adiabatic Effectiveness and Injectant Distribu-
tions 
Effects of Blowing Ratio on Local Adiabatic Film Cooling 
Effectiveness and Injectant Distributions, Configuration 4. 
Results showing the effects of blowing ratio on local adiabatic 
film effectiveness and injectant distributions are presented in 
Figs. 2 and 3, respectively. Here, effectiveness results are deter-





....... i - 5 
Fig. 2 Spanwise variations of adiabatic film cooling effectiveness down-
stream of configuration 4 holes at xld = 6.8. Spanwise locations of holes 
are denoted by arrows along the abscissa. 
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Fig. 3 Mean temperature fields showing distributions of film injectant 
downstream of configuration 4 holes at x /d = 7.4. Spanwise locations 
of holes are denoted by arrows along the abscissa. 
As the blowing ratio increases from 0.5 to 1.0 and 1.5, Fig. 
3 also shows the oval-shaped injectant concentrations to be 
located farther and farther away from the immediate vicinity of 
the test surface. Such lift-off behavior is consistent with results 
in Fig. 2 since local 77 maxima decrease in magnitude as the 
blowing ratio increases thus decreasing average and local pro-
tection. 
Comparison of Local Adiabatic Film Cooling Effective-
ness Distributions and Injectant Distributions From Con-
figurations 2,3, and 4. Local adiabatic effectiveness distribu-
tions for x/d = 6.7-6.8 from configurations 2, 3, and 4 are 
presented and compared in Fig. 4 for m of 0.5, 1.0, and 1.5. 
Surveys of injectant distributions from configurations 2, 3, and 
4 at x/d = 7.4-9.9 are compared in Figs. 5 and 6 for m of 0.5 
and 1.5, respectively. 
For all three blowing ratios, Fig. 4 shows r\ values for com-
pound angle configuration 3 that are higher with greater varia-
tions across the span than the ones for configuration 4. r\ values 
for configuration 4 are then higher with significantly greater 
spanwise variations than the ones for simple angle configuration 
2. These differences in magnitude and spanwise periodicity be-
come larger as the blowing ratio increases to 1.5.77 local maxima 
surveys are given for x/d = 7.4. Data are presented for blowing 
ratios of 0.5, 1.0, and 1.5, which are equivalent to respective 
momentum flux ratios of about 0.25, 1.0, and 2.25. The injectant 
distributions are obtained using procedures described by Ligrani 
et al. (1994a, b) in which the injectant is heated without provid-
ing any heat to the test plate. With this approach, the tempera-
ture field is used to quantify injectant distributions in spanwise/ 
normal planes. 
The most important feature of the 77 distributions in Fig. 2 
are the spanwise variations, which are significant for all three 
blowing ratios. When compared to other streamwise locations 
(Ramsey, 1992), the spanwise variations of 77 are more pro-
nounced at smaller x/d of 6.8 and 17.6. This is because of 
accumulations of injectant such as the ones shown for x/d = 
7.4 in Fig. 3, and because injectant accumulations at x/d of 
43.8 and 85.6 are more diffuse and dissipated (Ramsey, 1992). 
The highest local 77 maxima in Fig. 2 exist at the lowest blowing 
ratio because jet lift-off is more pronounced as m increases. 
These local maxima shift to smaller Z/d as m increases because 
of injectant momentum, which causes injectant to become more 
aligned with hole axes and to move in the negative spanwise 
direction as it is advected downstream. The only exception oc-
curs for Z/d > 10, where all three distributions decrease because 
they are measured at locations slightly away from the spanwise 
edge of the injectant. At Z/d < 10, the spanwise periodicity of 
the 77 distributions decreases with blowing ratio such that higher 
77 values correspond to locations where more injectant is present 
near the test surface, and lower values correspond to locations 
where the injectant coverage is sparser. Such injectant variations 
are, of course, largely affected by injectant lift-off. 
Additional explanation of the trends seen in Fig. 2 is obtained 
from Fig. 3. For each m, injectant distributions in this figure 
are also periodic and repeatable in the spanwise direction such 
that different concentrations show similar qualitative and quan-
titative characteristics. For m = 0.5, injectant accumulations 
are most significant just downstream of the centerlines of the 
injection holes (Z = —11.1 cm, -5 .6 cm, 0.0 cm, 5.6 cm). For 
m = 1.0 and 1.5, injectant accumulations at x/d = 7.4 are most 
significant just to the left of the centerlines of the injection holes 
(i.e., at smaller Z) . The results for m = 0.5 are thus different 
from the ones at the two higher blowing ratios because injectant 
is advected away from the injection holes a smaller distance in 
the spanwise direction. This spanwise shift with streamwise 
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Fig. 4 Comparison of spanwise variations of adiabatic film cooling ef-
fectiveness downstream of configurations 2, 3, and 4 at x/d = 6.7-6.8. 
Spanwise locations of holes are denoted by arrows along the abscissa. 
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4 .0 Configuration 4 
To-ToofC) RANGES 
0 <0.5 6 5.0-6.0 
1 0.5-1.0 7 6.0-7.0 
2 1.0-2.0 8 7.0-8.0 
3 2 .0 -3 .0 9 8 .0 -9 .0 
4 3 .0 -4 .0 10 >9.0 
5 4.0-5.0 
Fig. 5 Comparison of mean temperature fields showing distributions of 
film injectant downstream of configuration 2 at x/d = 9.4, configuration 
3 at x/d = 9.9, and configuration 4 at x/d = 7.4 for m = 0.5. Spanwise 














0 <0.5 6 5 .0 -6 .0 
1 0 .5 -1 .0 7 6 .0 -7 .0 
2 1 .0 -2 .0 8 7 .0 -8 .0 
3 2.0-3.0 9 8.0-9.0 
4 3 . 0 - 4 . 0 10 >9.0 
5 4.0-5.0 
Fig. 6 Comparison of mean temperature fields showing distributions of 
film injectant downstream of configuration 2 at x/d = 9.4, configuration 
3 at x/d = 9.9, and configuration 4 at x/d = 7.4 for m = 1.5. Spanwise 
locations of holes are denoted by arrows along the abscissa. 
are highest at the lowest blowing ratio 0.5 as more injectant is 
present near the test surface. As the blowing ratio increases, 
momentum flux ratio also increases, which generally causes 
injectant to lift off of the wall at spanwise intervals resulting 
in local r\ decreases and overall lower r\ across the test section 
span. Examination of Fig. 4 indicates this effect to be most 
severe for configuration 2, followed by configuration 4 and 
then configuration 3. In particular, the m = 1.5 effectiveness 
distribution for configuration 2 is spanwise uniform compared 
to distributions from configurations 3 and 4, which still produce 
spanwise varying local injectant concentrations near the surface, 
and repeated 77 local maxima at different Zld. More of the 
injectant from configurations 3 and 4 remains in close proximity 
to the wall downstream of individual compound angle holes. 
Consequently, the wall is exposed to a wider range of tempera-
tures (and overall temperature levels, which give improved pro-
tection) across the span of the test surface. For simple angle 
holes, Fig. 6 for m = 1.5 shows that the largest concentrations 
of injectant barely touch the surface, which results in a nearly 
constant distribution of 77 with Zld. 
Also evident from Fig. 4 is the fact that amplitudes of 77 
local maxima generally decrease with blowing ratio. The largest 
change for configurations 3 and 4 occur as m increases from 
1.0 to 1.5 (momentum flux ratio increases from 1.0 to 2.25), 
and for configuration 2, as blowing ratio increases from 0.5 to 
1.0 (momentum flux ratio increases from 0.25 to 1.0) This 
provides evidence of significantly different lift-off dependence 
on momentum flux ratio. Lift-off is most likely with configura-
tion 2 (streamwise/normal plane holes), followed by configu-
ration 4 (spanwise/normal plane holes) and then configuration 
3 (compound angle holes). 
The 77 distributions in Fig. 4 for configurations 3 and 4 should 
be ignored for Zld > 10 because these locations lie away from 
the regions of injectant coverage along the test surface. 
Injectant distributions from configurations 2, 3, and 4 are 
compared in Figs. 5 and 6 for the same spanwise hole spacing 
(6.0d), approximate streamwise location (x/d = 7.4-9.9), and 
blowing ratio (m = 0.5 and 1.5, respectively). Individual accu-
mulations in Fig. 5 from the three configurations for m = 0.5 
are different in shape but show significant quantitative and qual-
itative similarities. In all three cases, injectant concentrations 
are located at the wall at spanwise periodic intervals, which 
correspond to adiabatic effectiveness local maxima in the top 
portion of Fig. 4. There, slightly higher 77 peaks downstream of 
configuration 3 coincide with slightly greater concentrations of 
configuration 3 injectant near the wall in Fig. 5. 
Figure 6 shows that the injectant distributions from configu-
rations 2, 3, and 4 at x/d = 7.4-9.9 become significantly differ-
ent in shape and location when the blowing ratio reaches 1.5. 
Different lift-off characteristics are evident that coincide well 
with the m = 1.5 variations of effectiveness with Zld in the 
bottom portion of Fig. 4. Spanwise velocity components at the 
exits of the configurations 3 and 4 holes initially cause the 
emerging injectant to be advected in the spanwise direction 
and then swept along the test surface by boundary layer and 
mainstream flows just downstream. In many cases, this sweep-
ing action then keeps injectant concentrations closer to the test 
surface. Local 77 maxima such as the ones in Fig. 4 then vary 
accordingly. 
Spanwise-Averaged Adiabatic Film Cooling Effective-
ness Values and Stanton Number Ratios 
Effects of Hole Orientation (Compound Angle Configu-
ration 4 and Simple Angle Configuration 2) With Constant 
Spanwise Hole Spacing. Referring first to configuration 4 
data in Fig. 7, 77 generally decreases with x/d for each blowing 
ratio as injectant is diffused and advected downstream. For xl 
d < 10, 77 values decrease with blowing ratio as less injectant 
is in close proximity to the test surface (also see Figs. 2 and 
3). This effect becomes particularly severe as the blowing ratio 
increases from 1.0 to 1.5 because the injectant momentum lifts 
the most protective accumulations away from the surface. As 
this happens, free-stream and boundary layer fluids accumulate 
between the film and the surface. The net results are diminished 
insulating characteristics and diminished thermal protection 
from the film. 
Figure 7 also shows that the highest 77 from configuration 4 
at all x/d > 30 occur at m = 1.0. Minimal lift-off is believed to 
occur at m = 0.5 and at m = 1.0 (Figs. 2 and 3). Consequently, 
77 values for these two blowing ratios depend mostly on the 
amounts of film issued from the holes (rather than skewing, 
coalescence, or lift-off). This results in higher 77 at the higher 
blowing ratio, particularly at the downstream end of the test 
section. 77 are lower at m = 1.5 at all x/d because of lift-off. 
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Configuration m 
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-*>- 2 1.0 
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Fig. 7 Spanwise-averaged adiabatic film cooling effectiveness and iso-
energetic Stanton number ratio versus normalized streamwise distance 
downstream of configuration 4 holes. Results are compared to ones 
measured downstream of simple angle configuration 2 holes. 
The rj data measured downstream of the configuration 2 sim-
ple angle holes in Fig. 7 show trends with some similarities and 
some differences compared to the ones from the configuration 
4 holes. Like the configuration 4 results, the ones from configu-
ration 2 generally decrease with xld for each blowing ratio. In 
contrast to data from configuration 4, fj from configuration 2 
decrease with blowing ratio at individual xld for all in and xl 
d tested. 
From additional comparisons of effectiveness values from 
configurations 2 and 4 in Fig. 7, it is evident that the simple 
angle data lie below the spanwise ejected data for xld < 80 
except when m = 0.5. Thus, at m of 1.0 and 1.5, configuration 
4 provides significantly improved protection for the same span-
wise hole spacing, xld, and blowing ratio m. The differences 
for m = 1.0 and 1.5 result mostly because the injectant from 
configuration 4 is less likely to lift off of the test surface than 
the injectant from the simple angle holes. The lateral component 
of momentum of the injectant from the compound angle holes 
causes the injectant to spread out much more in the lateral 
direction as it is advected downstream, which keeps it in closer 
proximity to the surface. Some influence is also exerted by the 
ratio of hole diameter to the gap between the holes. For m = 
0.5, simple angle rj data in Fig. 7 are higher for xld > 25 
because injectant is concentrated in close proximity to the sur-
face, a result illustrated by Fig. 5. At xld > 80, rj values from 
configuration 4 generally cover about the same range as the 
simple angle data for all three m. This is evident from examina-
tion of data at individual blowing ratios. It is believed to occur 
because roughly equivalent amounts of injectant from each of 
the two configurations are present near the wall at the down-
stream portion of the test surface. 
Spanwise-averaged iso-energetic Stanton number ratios in 
Fig. 7 for configurations 2 and 4 show several interesting trends. 
First, little Stf/St0 variation with xld is evident for each value 
of m. Second, St//St0 values generally increase with m for each 
xld. Exceptions occur with configuration 4 as m increases from 
1.0 to 1.5 since these data have similar magnitudes. Configura-
tion 4 data are also somewhat higher than the simple angle data, 
especially when the two sets of results are compared at the 
same blowing ratio. 
Effects of Hole Orientation (Compound Angle Configu-
rations 3 and 4) With Constant Spanwise Hole Spacing. 
The configuration 3 rj data in Fig. 8 generally decrease with xl 
d for each blowing ratio. For each xld less than 10, rj values 
decrease with blowing ratio as increasing amounts of injectant 
are located farther from the test surface (Ligrani et al., 1994b). 
Spanwise-averaged configuration 3 effectiveness data for m = 
1.0 are in close proximity to the m = 0.5 data at xld = 6.8 and 
17.6 because of minimal lift-off at both blowing ratios. This is 
evident from Fig. 4 where spanwise variations of 77 at xld = 
6.8 from these two blowing ratios are quite similar (also see 
Ligrani et al., 1994b). At larger xld from 33.8 to 98.7, rj distri-
butions for configuration 3 in Fig. 8 are affected by spanwise 
convection and injectant diffusion, which cause it to spread 
laterally as it is advected downstream. Spanwise-averaged ef-
fectiveness from Schmidt et al. (1996) for a similar (but not 
matching) hole geometry at m = 0.6 and xld = 6-15 show 
similar trends and slightly lower magnitudes compared to the 
configuration 3 m = 0.5 results. At m = 1.25, their results have 
magnitudes similar to ones for m = 1.5 in Fig. 8, but a different 
trend since they increase somewhat as xld changes from 6 to 
15. 
The spanwise-averaged effectiveness values for configura-
tions 3 and 4 in Fig. 8 generally cover about the same range of 
values. Results from the two configurations for m = 1.5 in 
particular are qualitatively similar. However, at blowing ratios 
of 0.5 and 1.0, configurations 3 and 4 show important differ-
ences as xld increases from 17.6 to 33.8 since configuration 3 
shows a larger decrease with xld. Some convection of configu-
ration 3 injectant away from the surface is responsible. How-
ever, significant lift-off is not occurring because configuration 
3 results such as the ones in Fig. 6 for m = 1.5 indicate that 
the most important injectant accumulations remain in close 
proximity to the surface. 
Spanwise-averaged iso-energetic Stanton number ratios in 
Fig. 8 for configurations 3 and 4 are consistent with results 
presented in Fig. 7. The most interesting feature is that configu-
ration 4 values are higher than those produced by configuration 
3 when compared at the same m and xld. 
Summary and Conclusions 
Experimental results are presented that describe the develop-
ment and structure of flow downstream of a single row of film-
cooling holes oriented in spanwise/normal planes (denoted con-
figuration 4). Holes are spaced 6d apart in the spanwise direc-
tion, and inclined at 30 deg with respect to the test surface. 
A comparison of spanwise-averaged adiabatic effectiveness 
values measured downstream of injection hole configurations 2 
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Fig. 8 Spanwise-averaged adiabatic film cooling effectiveness and iso-
energetic Stanton number ratio versus normalized streamwise distance 
downstream of configuration 4 holes. Results are compared to ones 
measured downstream of compound angle configuration 3 holes. 
and 4 shows that configuration 4 provides significantly im-
proved protection compared to simple angle configuration 2 for 
the same spanwise hole spacing, xld, and m when m = 1.0 and 
m = 1.5 for xld < 80. These differences result mostly because 
the injectant from configuration 4 is less likely to lift off of the 
test surface than the injectant from the simple angle holes. Local 
adiabatic effectiveness values downstream of the configuration 
4 holes, especially for xld = 6.7 - 6.8, show significantly 
greater spanwise variations, and thus, significantly more local 
protection at locations immediately downstream of the holes 
than configuration 2. The simple angle rj data for m = 0.5 are 
higher than configuration 4 data for xld > 25 because more 
injectant is concentrated in close proximity to the surface. 
Although small differences are evident at different m and xld, 
spanwise-averaged effectiveness values from compound angle 
configuration 3 and from configuration 4 generally cover about 
the same range of values when compared at the same m and 
xld. 
Spanwise-averaged iso-energetic Stanton number ratios range 
between 1.07 and 1.26. Data measured downstream of com-
pound angle configuration 4 are significantly higher than values 
measured downstream of configurations 2, and 3 (when com-
pared at the same blowing ratio) for all three blowing ratios 
investigated. 
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